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Boronic acid liposomes enable triggered content release and cell 

delivery driven by carbohydrate binding. Dye release assays using 

hydrophilic and hydrophobic fluorophores validate dose-

dependent release upon carbohydrate treatment. Microscopy 

results indicate dramatic enhancements in cell delivery, 

showcasing the prospects of boronic acid lipids for drug delivery. 

Liposomes have emerged as sophisticated carriers for 

delivering therapeutic cargo. Indeed, liposome-based drug 

delivery platforms have been approved by the FDA and many 

more are in the late-stage of clinical trials.
1
 To advance 

liposomal drug delivery, two important areas of research 

include the enhancement of cell infiltration by liposomes, and 

the ability to control cargo delivery by triggering the release of 

contents. For the former, unnatural cationic lipids such as 1,2-

dioleoyl-3-trimethylammonium propane (DOTAP) or lipids 

conjugated to cell penetrating peptides (CPPs), such as 

octaarginine (R8), are commonly used to infiltrate 

membranes.
2
 However, these cationic lipids commonly exhibit 

significant toxicity.
3
 Regarding triggered release, approaches 

exploiting both active and passive stimuli, such as light, redox, 

pH, enzymes and temperature have been explored, but there 

are drawbacks in each case.
4
 Drawbacks of passive release 

include the minimal variations that are exploited for selective 

release, such as the slight increase in acidity in cancer cells (pH 

~ 6.5-6.9) compared to healthy cells (pH ~ 7.2-7.4).
5
 Active 

release protocols are hindered by challenges in delivering 

external stimuli, such as poor tissue penetration using light-

induced release. Herein, we report boronic acid liposomes as a 

means for enhancing both cell infiltration and content delivery 

based on carbohydrate binding interactions.  

 

Aberrant glycosylation patterns, both in terms of 

carbohydrate composition and abundance,
6
 are linked with 

diseases such as oncogenic transformation. For example, 

glycosyltransferase dysregulation leads to increased sialylation 

of truncated gangliosides and overexpressed complex β-1,6-

branched N-linked glycans on human melanoma cells.
7
 Such 

cell-type specific complex glycan alternations can provide a 

handle for selective cell targeting and delivery. The boronic 

acid molecular recognition unit has been extensively used to 

bind and separate carbohydrates through reversible formation 

of boronate esters.
8
 However, biological application of this 

sensing group is challenged by the relatively low binding 

affinity in aqueous media. This can be overcome through 

multivalent binding interactions, in which avidity effects lead 

to exponential enhancements in affinity.
9
 Smith and co-

workers have previously shown that boronic acid lipids are 

effective at driving calcium-dependent liposome fusion
10

 and 

at enhancing the binding of cell membranes.
11

 In this article, 

we delve into the efficacy of boronic acid liposomes as a 

means to enhance both cellular infiltration and targeted 

content release driven by carbohydrate binding. 

This project began with the design of boronic acid lipid 

conjugates to present this recognition group on the surface of 

resulting liposomes. One such compound is lipid 1, in which 

the boronic acid is directly attached onto an aminoglycerolipid 

scaffold. An ortho-(alkylaminomethyl)phenylboronic acid 

binding unit was chosen since the phenyl group is known to 

stabilize the boronic acid while the amino moiety enhances 

carbohydrate binding affinity at physiological conditions.
12

 The 

synthesis of 1, shown in Scheme 1, began with racemic 3-

aminopropane-1,2-diol (2), the amine of which was first 

protected as a phthalimide in 3. Next, a Williamson ether 

synthesis was used to introduce hydrophobic alkyl chains 

using. Ether-linked lipid chains were employed to circumvent 

potential hydrolysis by lipase enzymes in vivo. The pthalimide 

was next deprotected to produce 4, which was followed by a 

reductive amination reaction to produce 1. We additionally 

designed, synthesized and studied single-chain boronic acid 

lipid S1 analogous to a fatty acid (Scheme S1). This alternative  
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Scheme 1. Synthetic route for boronic acid lipid 1. 

lipid exhibited similar properties as 1 during release studies, 

with results reported in the supplementary information.  

We first evaluated triggered release from liposomes 

containing 1 or S1 upon treatment with the polysaccharide 

heparin as a model carbohydrate. Heparin is an anticoagulant 

consisting of repeating disaccharide units of sulphated iduronic 

acid/glucuronic acid and glucosamine residues, and has 

previously been shown to bind to boronic acids in a 

multivalent manner.
13

 Additionally, heparin sulfate 

proteoglycans have been implicated for driving the cellular 

entry of cationic liposomes through binding interactions.
14

 We 

initially examined the release of hydrophobic contents from 

liposomes using a Nile red release assay, in which liposomal 

solubilization of this insoluble dye gives way to fluorescence 

decreases when the dye is released into aqueous solution and 

precipitates.
15

 A cartoon depicting the release of both 

hydrophobic and hydrophilic contents is shown in Scheme 2.  

Unilamellar liposomes composed of 0% to 25% of boronic 

acid lipid 1 doped into L-α-phosphatidylcholine (PC, mixed 

isomers) were first prepared with Nile red included in the 

formulation. Hydration, freeze-thaw, sonication and extrusion 

through 200 nm membranes were performed to generate 

liposomes with uniform size. As seen in Figure 1A, titration of 

Nile red-loaded liposomes with heparin led to a decrease in 

fluorescence in a manner that was dependent on the 

percentage of boronic acid lipid 1 incorporated within the 

liposomes. Specifically, control liposomes containing 0% of 1 

showed minimal background release of Nile red (~5% 

 
Scheme 2. Fluorescence-based dye leakage assays driven by heparin-boronic acid lipid 

interactions. Hydrophobic (Nile red) or hydrophilic (sulforhodamine B) dyes are 

separately encapsulated within boronic acid liposome membrane bilayers or aqueous 

interiors, respectively. Heparin carbohydrate binding is evaluated for the release of 

contents leading to fluorescence decreases (Nile red) or increases (sulforhodamine B) 

attributed to membrane distortion upon carbohydrate binding. 

fluorescence decrease), while this decrease was accentuated 

with increasing boronic acid lipids (5% 1, ~10% decrease; 10% 

1, ~25%; and 20% 1, ~50%). The extent of release appeared to 

reach a plateau since 20% and 25% of 1 in liposomes yielded 

similar results. Control Nile red release and dynamic light 

scattering (DLS) studies in which compound 4 was instead 

included within liposomes showed minimal change (Figure S1), 

indicating the necessity of the boronic acid moiety of 1. In 

addition, titration with horseradish peroxidase (HRP) 

glycoprotein as an alternative model with different 

carbohydrate composition
17

 also yielded greater release using 

liposomes containing 1 (Figure S2), indicating generality and 

ruling out simple electrostatic binding. These data provide 

evidence that the boronic acid units presented on the 

liposomes bind to carbohydrates, thereby triggering Nile red 

release. In addition, the threshold-type response we observed 

suggests the formation of multivalent binding interactions that 

we expect to play a key role in binding and release.
16

  

We anticipated that liposome release would be driven by 

lipid reorganization upon carbohydrate binding in a manner 

that perturbs membrane bilayer packing to stimulate content 

release. To assess this hypothesis, DLS experiments were 

conducted to probe for changes in the particle sizes of lipid 

assemblies before and after heparin treatment (Figure 1B). 

These are reported using an exponential scale. Here, the 
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inclusion of 1 showed no effect on initial liposome size. Upon 

treatment with heparin, liposomes containing 0 or 5% 1 

exhibited minimal changes in size, which matches the slight 

decrease in Nile red fluorescence observed during release 

studies. Significant increases in particle sizes were detected 

following heparin addition to liposomes containing 10-20% of 

1. Finally, DLS studies of PC liposomes containing either 0% or 

10% of 1 also showed no significant changes over the course of 

a week at room temperature (data not shown), indicating that 

these liposomes are robust. 

To further explore the issue of changes in assembly, 

scanning transmission electron microscope (STEM) images 

were taken before and after heparin treatment. Here, 

standard liposome images were observed for samples 

containing 10% of 1 initially, while heparin treatment resulted 

in much larger and complex membrane assemblies (Figure S3). 

On the other hand, images of control PC-only liposomes 

treated with heparin showed liposomes with sizes similar to 

untreated samples. The DLS and STEM data provide evidence 

for lipid reorganization driven by heparin binding only when 1 

is present, which could be explained by carbohydrate-

promoted processes such as fusion, aggregation and/or the 

formation of different supramolecular lipid assemblies.  

We next studied carbohydrate-induced release of the polar 

fluorescent dye sulforhodamine B.
18

 In this assay, the dye is 

encapsulated within the liposome aqueous core at high 

concentrations such that it is quenched, and size exclusion 

chromatography (SEC) is used to remove unencapsulated 

fluorophore. Dye release then leads to an increase in 

fluorescence intensity in bulk solution (Scheme 2). The extent 

of dye release in this assay is often variable based on the 

amount of soluble dye that is entrapped when liposomes form 

and the variability of liposome concentrations obtained by SEC 

purification. Thus, we normalized dye release as a percentage 

of total release caused by final treatment of the liposomes 

with the detergent Triton X-100. This assay culminated in 

dose-dependent increases of sulforhodamine B fluorescence 

based on the percentage of 1 incorporated in the liposomes 

(Figure 2). These results indicate that boronic acid 1 is also 

effective for triggered release of polar contents from 

liposomes, which is more challenging as this requires that 

polar/charged molecules escape the hydrophobic membrane 

barrier. Boronic acid lipids 1 and S1 exhibited very similar 

properties in both the Nile red and sulforhodamine release 

studies, and thus the results for S1 are shown in the 

supplementary information (Figures S4 and S5). Similarities in 

these data suggest that the particular lipid scaffold that 

anchors the boronic acid in the membrane is not critical for 

activity. Both lipids do possess ortho- 

(alkylaminomethyl)phenylboronic acid moieties known to 

enhance binding affinity at physiological pH.
12

 

We next sought to verify that boronic acid liposomes bind 

to carbohydrates to further justify that release may be caused 

by molecular recognition. A microplate assay was used to 

assess the binding of fluorescent liposomes to a commercially 

available heparin−biotin conjugate immobilized onto 

streptavidin-coated microplates. We have previously used 

 

Figure 2. Boronic acid liposome sulforhodamine release results upon heparin titration. 

Fluorescence increases upon sulforhodamine B release, plotted as a percentage of 

increases caused by Triton X treatment, are shown to correlate with the percentage of 

1 in PC liposomes. Error bars denote the standard errors of at least three replicates. 

similar assays to study liposome and lipid binding 

interactions.
19

 Liposomes in this study contained either 0% 

(control) or 20% of 1, 1% rhodamine-labeled 

phosphatidylethanolamine (Rd-PE) as a fluorescent marker, 

with the remainder PC. The results (Figure 3) indicate a 

significant enhancement in surface binding when 1 was 

present in the liposomes, thereby validating the heparin-

binding ability of liposomes containing 1. In an additional 

control, liposomes containing 1 yielded minimal signal when 

heparin-biotin was not added (data not shown). 

We next assessed the ability of lipid 1 to promote liposome 

cell entry. Boronic acid liposomes were expected to bind to cell 

surface carbohydrates and enhance proximity to plasma 

membranes, thereby boosting cell entry pathways such as 

membrane fusion or pinocytosis (Figure 4A). Confocal 

fluorescence laser scanning microscopy experiments were 

used to evaluate the delivery of liposomes containing 0.08% of 

Rd-PE. Control liposomes with only PC and Rd-PE were 

compared to study samples doped with 10% of 1. Liposomes 

were incubated with A375 melanoma cells for one hour at 

37°C, washed to remove residual free liposomes, labelled with 

DAPI, fixed and mounted on glass slides for imaging. 

Representative images are shown in Figure 4. Cells treated 

with liposomes containing 10% of 1 yielded a dramatic 

enhancement in fluorescence (Figure 4C) compared to control 

 

Figure 3. Results from microplate studies indicating the binding of fluorescent 

liposomes to immobilized heparin−biotin. Error bars indicate standard errors for 

at least three replicates. 
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Figure 4. Cellular delivery studies. A. Cartoon depicting liposome cell entry driven by 

binding interactions with cell surface carbohydrates. B. Fluorescence image of cells 

treated with PC/Rd-PE liposomes. C. Image upon treatment with PC/1(10%)/Rd-PE 

liposomes. Scale bar depicts 20 µM. DAPI is shown in blue. Rd-PE is shown in red. 

liposomes lacking 1 (Figure 4B). These results show that 1 is 

effective for driving liposomal cell entry. As an initial 

assessment of toxicity, cells treated with liposomes containing 

10% 1 and 0.08% Rd-PE were observed to be healthy after 

incubation, while liposomes containing 15-20% of 1 with 0.08% 

Rd-PE led to observable toxicity effects including some 

cytoplasmic shrinking and nuclear distortion, particularly at 

longer incubation times, which may result from membrane 

disruption. While extensive studies are required to assess the 

clinical viability of this platform, these results showcase 

boronic acid lipid 1 as a promising agent for cellular delivery. 

In conclusion, we have found that liposomes containing 

boronic acid lipid 1 are effective for content release and cell 

entry driven by carbohydrate binding. These liposomes could 

provide versatility by either delivering therapeutic cargo 

directly via cell entry or by releasing contents upon in close 

proximity to cells, both of which are likely to enhance delivery. 

While this provides a promising means for general cellular 

delivery applications, it also opens up the possibility of 

selective delivery to diseased cells based on the specific 

composition and abundance of cell surface carbohydrates. In 

particular, boronic acid dimers have been reported that exhibit 

selective binding to tumor markers such as sialyl Lewis X.
20

 

Future work will be aimed at studying and enhancing cell type-

specific cellular delivery using boronic acid moieties similar to 

these adapted for presentation on liposome surfaces. 
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